Abstract -This paper proposes a maximum-power-point tracking (MPPT) method of a photovoltaic power system with less transducer count. A unique feature of this method is capability to seek the maximum power point, using only a single transducer implemented in a switched DC-DC power converter, i.e., a current transducer or a voltage transducer. Output power of the converter can be estimated with an average value and ripple amplitude of the reactor current or the capacitor voltage detected in the converter. The output power obtained from only the current or the voltage information allows seeking the maximum power point on the basis of a common hill-climbing method. In this paper, not only a theoretical aspect of the proposed method is described, but also several experimental results are presented to prove feasibility of the method.
I. INTRODUCTION
RESEARCH and development on alternative energy resources to fossil fuels have intensively been promoted due to growing concern on an environmental issue since 1990's. Above all, a photovoltaic power generation system is one of the most promising environment-friendly solutions and has extensively been used by various residential houses, rural power networks, huge commercial power plants and so forth. Photovoltaic power systems are capable to produce electric power with no CO 2 emission and their energy resource is actually infinite, which is the most attractive point. Also, they can easily be installed without very strict restrictions. However, low efficiency and higher cost per unit power are the fatal drawbacks of the systems, which prevents them from being more and widely used, and how to overcome these drawbacks is an important technical issue so far and toward the future.
A technique to utilize the photovoltaic effectively is known as a maximum-power-point tracking (MPPT) method, which makes it possible to acquire as much power as possible from the photovoltaic. Since an electric characteristic of the output power has a convex property with respect to the operating voltage or current as shown in Fig. 1 , there exists only one optimum operating point on the power vs. voltage (or current) curve. The MPPT is a method to let the controller operate at the optimum operating point. There have been various kinds of MPPT methods reported and the most common technique of them is a hill-climbing method, which seeks the optimum operating point by changing the operating point until the maximum power point is found [1] - [4] . Therefore, this method essentially requires power calculation using both the voltage and the current transducers, which should be reduced from a viewpoint of system simplification and cost reduction.
This paper focuses on reduction of the count of such transducers. In order to achieve this goal, either a current ripple or a voltage ripple, which is inherently generated by a switched power converter, is effectively utilized in the proposed system and the output power of the converter is estimated with an average value and ripple amplitude of the current or the voltage detected in the converter. Applying the conventional hill-climbing method to the system, the maximum-power-point can be sought with only a single transducer. The paper discusses a theoretical aspect of the proposed technique, assuming a current-source DC-DC converter or a voltage-source DC-DC converter is employed as an MPPT controller, and presents experimental results to demonstrate excellent MPPT operations of the system. v from the equivalent circuit illustrated in Fig. 3 (a) when the switching device is turned on:
where
, and
In a similar manner, when the switching device is turned off, the state variable equation of the converter is expressed as
In the above equations, the state variable vector is
. Combining (1) and (2) 
is an average state variable vector:
) are duties of the on-mode and the off-mode of the switching device, respectively.
Since
in the steady state, the average values of the capacitor voltage C V , the reactor current L I and the output voltage o V can be represented by the following expression: 
On the other hand, steady sate ripple amplitude of the reactor current L I ∆ is expressed as the following equation, which is obtained by making product between (1) and an on-mode time duration:
where S T is a switching period. The load power o W can be estimated by (4) and (5) 
B. Power Estimation in Current-Source DC-DC Converter
Fig . 4 shows a schematic diagram of a current-source DC-DC converter, which is known as a Cük converter. The system is composed with a photovoltaic, the Cük converter with a single voltage transducer, i.e., an isolation amplifier, and a load resistor. In the same manner as the voltage-source converter, state variable equations of the current-source converter are represented by the following on-mode and off-mode expressions; in the on-mode as illustrated in Fig. 5 (a),
where .
Also, in the off-mode shown in Fig. 5 (b) ,
where In the above equations, the state variable vector is defined as
and o v are a current of the reactor 1 L , a voltage across the capacitor 1 C , a current of the reactor 2 L and the output voltage, respectively. Therefore, the following expression can be derived on the basis of the state space averaging method,
denotes an average state variable vector of the converter:
where 
Average values of the state variables in the steady state are obtained by substituting 0 dt / d = x into (9) as described in (10): Fig. 6 shows system configuration of the proposed MPPT controller. The controller requires current detection with a Hall-effect CT or voltage detection with an isolation amplifier in order to estimate the output power by (6) or (12). According to (6) and (12), both of the maximum and the minimum peak values of the reactor current or the capacitor voltage must be detected to calculate the ripple amplitude of the current or the voltage. Also, an average value of the reactor current or the capacitor voltage can be calculated from the maximum and the minimum peak values detected.
III. EXPERIMENTAL SETUP AND RESULTS

A. Configuration of Single Transducer Based MPPT System
It is requisite to sample the reactor current or the capacitor voltage synchronously with a switching pattern of the converter because the maximum and the minimum peak values are detected at rising edges and falling edges of the pattern. However, this approach demands sophisticated A/D converters with high-sampling rate and high-resolution, which is a disadvantage from a viewpoint of circuit implementation and cost. In order to overcome this difficulty, a simple OP-amp based analog circuit is employed in the proposed system as shown in Fig. 6 (b) , which is an external front-end of the A/D converters embedded in a digital signal processor. The ripple amplitude of the reactor current 
B. Operation of Ripple Amplitude Detector
Figs. 7 (a) and 7 (b) show tracking characteristics of the ripple amplitude detector when the ripple amplitude of a test signal is changed stepwise. Fig. 7 (a) corresponds to the case of increased amplitude and Fig. 7 (b) is the case of decreasing. As can be seen in Fig. 7 (a) , the ripple amplitude detector properly tracks the step changes of the ripple without large delays.
However, Fig. 7 (b) indicates that it takes approximately 8 (ms) and 14 (ms) for the ripple amplitude detector to track new maximum and minimum values, respectively. These delays are caused by discharge time constant of the capacitors in the OP-amp circuit. However, these delays hardly affect MPPT performance of the system because solar irradiation does not vary in a few milliseconds.
C. Evaluation of Estimated Power from Single Transducer
Several experimental tests were conducted to examine estimation performance of the proposed method under a test condition listed in TABLE I. Fig. 8 shows experimental results of the voltage-source DC-DC converter and comparison between the measured output power and the estimated one by (6) from current transducer information. Small error can be observed in a low-duty range but the estimated output power conforms to the measured power very well both in a higher irradiance condition and in a lower irradiance condition. Fig. 8 (a) Since the optimum operating points are sought by a common hill-climbing method as described before, absolute accuracy in estimating the output power is not important to achieve accurate MPPT operation. In other words, it is 
D. Discussion on Estimation Error
As can be seen in Fig. 8 (in the case of the voltage-source DC-DC converter), the estimation error slightly increases in a low-duty range. It is inferred that calculation error in (6) is dominant cause of the estimation error because the denominator of the first term in (6) is detrimentally affected by the duty ratio in the low-duty range. Therefore, the estimation error increases as the duty ratio is reduced if the current detection error is always constant.
On the other hand, in the case of the current-source DC-DC converter, almost constant estimation error, which looks independent of the duty ratio, can be seen in Fig. 9 . In this case, the estimation algorithm is expressed by (12) and its principal term, i.e. the first term, does not include the duty. This is the reason why the estimation error is hardly affected by the duty ratio. It is a detection error of the voltage or a parameter mismatch of the capacitor rather than the duty ratio that degrades the estimation characteristic.
E. Experimental Results of MPPT Operation
The MPPT operation was carried out by adopting a common hill-climbing method to the proposed system. Figs. 10 and 11 show the experimental results of the voltage-source DC-DC converter and the current-source DC-DC converter, respectively. As can be seen in these figures, the MPPT operation was properly performed in both converters and their operating points were placed close to the maximum power points even though irradiance widely changed. A tracking error, which was a deviation of the operating point from the real maximum power point, was within 4 % with respect to the duty ratio.
Therefore, the proposed single transducer approach is quite effective to make an accurate MPPT possible.
IV. CONCLUSION
This paper has discussed a novel strategy of an MPPT operation of a photovoltaic power system with less transducer count in power converters. The proposed strategy allows output power estimation with only a single current transducer or a single voltage transducer. Theoretical analysis of this approach has been developed on two types of converters, i.e., the voltage-source DC-DC converter and the current-source DC-DC converter.
Also, a practical implementation technique to estimate the output power has been presented, which allows a simple circuit configuration without sacrificing accuracy of the power estimation.
Two types of experimental systems have been setup and proper estimation characteristics have been confirmed through several experimental tests. Consequently, an excellent tracking performance to the maximum-power-points has been confirmed with sufficient accuracy, using only a single transducer. 
